Trichosporon cutaneum is shown to utilize six disaccharides, cellobiose, maltose, lactose, sucrose, melibiose, and trehalose. T. cutaneum can thus be counted with the rather restricted group of yeasts (11 to 12% of all investigated) which can utilize lactose and melibiose. The half-saturation constants for uptake were 10 3 mM sucrose or lactose and 5 1 mM maltose, which is of the same order of magnitude as those reported for Saccharomyces cerevisiae. Our results indicate that maltose shares a common transport system with sucrose and that there may be some interaction between the uptake systems for lactose, cellobiose, and glucose. Lactose, cellobiose, and melibiose are hydrolyzed by cell wall-bound glycosidase(s), suggesting hydrolysis before or in connection with uptake. In contrast, maltose, sucrose, and trehalose seem to be taken up as such. The uptake of sucrose and lactose is dependent on a proton gradient across the cell membrane. In contrast, there were no indications of the involvement of gradients of H+, KV, or Na+ in the uptake of maltose. The uptake of lactose is to a large extent inducible, as is the corresponding glycosidase. Also the glycosidases for cellobiose, trehalose, and melibiose are inducible. In contrast, the uptake of sucrose and maltose and the corresponding glycosidases is constitutive.
The uptake of disaccharides by yeast has been studied almost exclusively in strains of Saccharomyces cerevisiae (for review, see reference 2). Until quite recently, there was uncertainty whether disaccharides can be taken up as such or whether they must be hydrolyzed before uptake. However, there is now unequivocal proof of the existence in S. cerevisiae of specific transport systems for sucrose (28) and maltose, the latter being inducible (29) . The soil yeast Trichosporon cutaneum is important because of its extraordinary inducible capacity to metabolize phenols (10, 23, 25, 35) . The flexibility of this organism with respect to various aromatic substrates and gratuitous synthesis of related as well as unrelated enzymes has been amply demonstrated (1, 11-13, 24, 26, 27, 30, 31, 34) . In a previous report we demonstrated a specific, energy-dependent, and inducible transport system for phenol in T. cutaneum (21) . In this paper we deal with the ability of T. cutaneum to utilize six different disaccharides as sole carbon sources. The results of studies on their transport, hydrolysis, and growth-promoting efficiency are presented.
MATERIALS AND METHODS Chemicals and equipment. All chemicals were commercial products of reagent grade, and they were purchased as described previously (24) . Triton X-100 was from Rohm & Haas (Philadelphia, Pa.), '4C-labeled compounds were from the Radiochemical Centre (Amersham, England), and Biofluor scintillation counting solution was from New England Nuclear Corp. (Boston, Mass.). The inhibitors carbonyl cyanide m-chlorophenylhydrazone (CCCP), gramicidin, and oligomycin were products of Boehringer GmbH (Mannheim, Federal Republic of Germany Uptake studies. All cell preparations were harvested during the exponential phase of growth and used for uptake studies on the same day. The uptake experiments were essentially as described previously (21) . Cells were incubated in 0.1 M HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) (pH 7.5) with either uniformly 14C-labeled maltose or sucrose or D-glucose-[1-_4C]lactose and collected by filtration through Millipore membrane filters (0.45 ,um). The filters were then transferred to vials for liquid scintillation counting. The parameters of uptake were determined by kinetic analysis with an HP-85 desk computer and the nonlinear regression algorithm of Marquardt (20, 22) .
Permeabilization. Cells were permeabilized by the method Miozzari et al. (20a) , as modified by Mortberg and Neujahr (21) .
Preparation of protoplasts. Protoplasts were prepared as described by Stephen and Nasim (33) and sucrose. Two types of inhibitors were studied: those affecting the ATP level of the cells, e.g., oligomycin and those affecting the ion gradients across the cell membrane, the ionophores. The ionophores used were CCCP for H+, monensin for Na+, valinomycin for K+, and gramicidin for monovalent cations in general (Table 2) . Preincubation for 2 min with oligomycin did not significantly affect the uptake rate of any of the tested substrates. Preincubation for 15 min with oligomycin affected the uptake rate of lactose very little and that of maltose even less. Preincubation for 2 min with CCCP inhibited the uptake of lactose and sucrose in cells grown on these respective substrates, indicating that the uptake of these disaccharides is dependent on a proton gradient. Preincubation of maltose-grown cells with CCCP, monensin, or valinomycin did not significantly affect the uptake of maltose (Table 2) . Preincubation for 2 min with gramicidin (0.005 to 0.1 mM) or valinomycin in concentrations higher than 0.005 mM caused aggregation of the cells. Thus, our results do not give any indication that gradients of any of the positive ions H+, K+, and Na+ is involved in the uptake of maltose in T. cutaneum. Extracellular glycosidase activities. Washed intact cells were incubated with the respective growth substrate, and glucose liberated to the supernatant was determined. Lactose-grown cells were also tested with the non-metabolizable chromogenic substrate analog o-nitrophenyl-f-D-galactopyranoside. Results of these experiments indicated that maltose, sucrose, and trehalose may be taken up as such, since no glucose liberation could be observed. In contrast, lactose-and cellobiose-grown cells gave indications of extracellular hydrolysis of o-nitrophenyl-p-D-galactopyranoside and cellobiose, respectively (data not shown).
It is possible that the estimation of extracellular glycosidase activities for maltose, sucrose, lactose, trehalose, and melibiose is hampered by the liberated glucose, if formed, being rapidly taken up by the cells. This was checked by determining glucose in supernatant from intact cells when energy-dependent uptake of monosaccharides was inhibited by CCCP. Preincubation for 2 min with 0.1 mM CCCP resulted in measurable amounts of glucose in the supernatant after incubation with lactose or melibiose but not after incubation with maltose, sucrose, or trehalose (data not shown). These results gave further indication that lactose and melibiose are hydrolyzed externally, whereas external hydrolysis of maltose, sucrose, or trehalose is not likely.
Glycosidase activities liberated during protoplast formation in cells grown on lactose, melibiose, and cellobiose. The liberation of glycosidase activity from lactose-, melibiose-, and cellobiose-grown cells was measured during solubilization of the cell wall by lytic enzymes under conditions preserving intact protoplasts. Determination of the intracellular enzyme malate dehydrogenase served as control of stability of the protoplasts (Table 3) . For all three substrates more than 90% of the total amount of the respective glycosidase activities was liberated from the cell after solubilization of the cell wall.
Trapping by hexokinase of hexoses liberated from washed lactose-grown cells during incubation with lactose. Hexoses liberated by external glycosidase activity were trapped by adding hexokinase to washed suspensions of lactose-grown cells incubated with lactose. The reaction was coupled to glucose-6-phosphate dehydrogenase and followed in a spectrophotometer at 340 nm ( These results together show that lactose, cellobiose, and melibiose are hydrolyzed by cell wall-bound glycosidase(s), indicating that they may be hydrolyzed before entering the interior of the cells.
Induction of disaccharide uptake and hydrolysis. Cells were grown on 0.5% of the various disaccharides, on 2% glucose, or on 0.5% disaccharide in the presence of 2% glucose. The uptake of 14C-labeled lactose, maltose, and sucrose by washed cells was determined as described above (see Table  4 ). Glycosidase activities for the six respective disaccharides were determined in detergent-permeabilized cells. Such estimation gives the total glycosidase activity for each substrate (Fig. 2) . From these data we conclude that the uptake systems and enzymes for hydrolysis of maltose and sucrose are constitutive, since they were not affected by the presence of glucose during growth. In contrast, the rates of uptake and hydrolysis of lactose were markedly repressed by glucose. Also the enzymes hydrolyzing melibiose, trehalose, and cellobiose seem to be induced by growth on the respective substrates and repressed by glucose.
DISCUSSION
Specificity and kinetics of disaccharide uptake. According to a review by Barnett (2) , between 50 and 60% of 439 investigated yeasts can utilize sucrose, maltose, trehalose, and cellobiose, whereas only 11 to 12% of them utilize melibiose or lactose. Our results show that T. cutaneum can utilize all of these substrates; the growth on five of them is comparable to the growth on glucose, and the growth on the sixth (trehalose) is considerably slower. The half-saturation constants for uptake were 10 + 3 mM sucrose or lactose and 5 ± 1 mM maltose. The corresponding parameters for S. cerevisiae are 2.5 mM maltose (29) and about 6 mM sucrose (28) , which are of the same order of magnitude. In T. cutaneum, sucrose and maltose may share a common transport system or parts thereof. In S. cerevisiae, the uptake of sucrose was inhibited by maltose or trehalose (28) . In our experiments with T. cutaneum, trehalose did not affect the uptake of sucrose or maltose. The uptake rate of lactose was markedly lowered in the presence of cellobiose or glucose; the Km and Ki for glucose in lactose-grown cells were nearly identical. These results suggest an interaction between the uptake system(s) for glucose, cellobiose, and lactose, if such separate systems exist. Alternatively, the results could be explained by hydrolytic splitting of either disaccharide outside the cell membrane and competition for uptake between the resulting glucose moieties.
Are the disaccharides hydrolyzed before uptake? Hydrolysis of disaccharides is the first metabolic step in their utilization. The hydrolysis of lactose, cellobiose, and melibiose by cell wall-bound glycosidases in T. cutaneum indicates that these disaccharides are split before or in connection with uptake, whereas maltose, sucrose, and trehalose are taken up as such. This is in contrast to what has been reported for certain other yeasts. Lactose is considered to be hydrolytically split inside the cell in a variety of yeast species (2) . Using recombinant DNA-techniques, Dickson and Markin (8) have shown that there are at least seven genes involved in lactose utilization by Kluyveromyces lactis. One of these codes for a carrier. In Rhodotorula glutinis the uptake of sucrose and trehalose was shown to involve exoenzymes (15) . However, in S. cerevisiae, sucrose (28), trehalose (19) , and maltose (29) are actively transported without molecular change. An externally located a-galactosidase for hydrolysis of melibiose has been demonstrated in Saccharomyces carlsbergensis (6) . Also in Candida wickerhamii, a P-glucosidase has been shown to hydrolyze cellobiose mainly on the cell surface (17, 18) .
Are the uptake and hydrolysis of disaccharides inducible or constitutive? The constitutive nature of uptake and hydrolysis of maltose in T. cutaneum differs from that in S. cerevisiae, in which an ax-glucosidase and a transport system are coordinately induced (6) with three genes, at least, involved in the process (5). However, sucrose utilization in S. cerevisiae is constitutive (28) . There is an inducible 3-galactosidase in K. lachis (7), as in T. cutaneum. The ability to ferment melibiose is inducible in S. carlsbergensis (6) . A constitutive ,-glucosidase was found in C. wickerhamii (9) , but an inducible 3-glucosidase was found in another strain T. cutaneum (14) . Thus, there is seemingly no taxonomic regularity with respect to transport and hydrolysis of disaccharides by yeasts.
Quite large differences between the glycosidase levels were observed in detergent-permeabilized cells of T. cutaneum (Fig. 2) , but not during protoplast formation (Table 3 ). This could be explained by the topography of the location of the glycosidase(s). The permeabilization procedure might have resulted in some glycosidases (e.g., that for cellobiose) becoming exposed more than others to the substrate. This could also explain that, in spite of the large differences in glycosidase activities of permeabilized cells (Fig. 2) , the growth on the corresponding disaccharides was of a similar order of magnitude.
Energy requirement. Our results indicate that the uptake of lactose and sucrose is driven by a proton gradient. Also in S. cerevisiae, the uptake of sucrose is driven by proton motive force (28) . A system which hydrolyzes cellobiose and transports the resulting glucose by a glucose-proton symport has been demonstrated in C. wickerhamii (32) . A similar system may be operating in T. cutaneum for lactose (for cellobiose and melibiose as well?). Maltose uptake in T. cutaneum may be by facilitated diffusion (through a carrier shared with sucrose), or it may be driven by gradients of VOL. 168, 1986 on September 20, 2017 by guest http://jb.asm.org/ some ions not tested here. T. cutaneum thus differs from S. cerevisiae, in which maltose uptake has been shown to be energy dependent and driven by a proton gradient (29) .
